The clearance of this intra-cellular cholesteryl ester is central to the process of regression of an atherosclerotic lesion. It is generally accepted that clearance of this ester is dependent on its hydrolysis to free cholesterol, with release of that cholesterol to an appropriate exogenous acceptor, and high density lipoprotein (HDL), or a specific subclass of HDL, is thought to mediate this clearance process. 3 Although there is an extensive literature on the efflux of free cholesterol from cells, 4 much less emphasis has been placed on the clearance of esterified cholesterol. In a number of tissue culture systems, it has been demonstrated that cholesteryl esters are turned over via the cholesteryl ester cycie, 5 -8 a continual cycle of hydrolysis and re-esterification that can be interrupted by providing an extracellular free cholesterol acceptor that diverts free cholesterol from the cell. The ability of HDL to
A therosclerosis is characterized by the deposition of lipid, primarily esterified cholesterol, in cells of the blood vessel wall, forming foam cells that are of both monocyte-macrophage and smooth muscle cell origin. 1 -2 The clearance of this intra-cellular cholesteryl ester is central to the process of regression of an atherosclerotic lesion. It is generally accepted that clearance of this ester is dependent on its hydrolysis to free cholesterol, with release of that cholesterol to an appropriate exogenous acceptor, and high density lipoprotein (HDL), or a specific subclass of HDL, is thought to mediate this clearance process. 3 Although there is an extensive literature on the efflux of free cholesterol from cells, 4 much less emphasis has been placed on the clearance of esterified cholesterol. In a number of tissue culture systems, it has been demonstrated that cholesteryl esters are turned over via the cholesteryl ester cycie, 5 -8 a continual cycle of hydrolysis and re-esterification that can be interrupted by providing an extracellular free cholesterol acceptor that diverts free cholesterol from the cell. The ability of HDL to induce the net clearance of cellular esterified cholesterol was first studied by Ho et al. 9 who demonstrated that esterified cholesterol content was significantly reduced when resident mouse peritoneal macrophages were incubated with a variety of potential free cholesterolacceptors such as red blood cells, casein, and HDL Although a number of other investigators have subsequently demonstrated the loss of cellular esterified cholesterol from macrophages incubated with HDL, 10 -14 it is difficult to make comparisons on the rate and extent of HDL-induced esterified cholesterol clearance because of differences in the experimental approaches used in these studies. In contrast to the macrophage studies, it has also been shown that exposure of esterified cholesterolloaded Fu5AH rat hepatoma cells to HDL did not result in esterified cholesterol depletion. 16 Even within macrophage systems, it has become apparent that the ability of HDL or subclasses of HDL to stimulate the removal of stored esterified cholesterol may differ extensively depending on the experimental cell system being studied. For example, Pitas et al. 16 reported morphologic evidence that rabbit macrophage-derived foam cells isolated from an atherosclerotic lesion appeared to clear esterified cholesterol stores at a slower rate than mouse peritoneal macrophages, and comparative studies of peritoneal macrophages from mouse and rabbit clearly demonstrated a slower rate of removal of esterified cholesterol from the rabbit cells.
To address quantitative and mechanistic questions about the interaction of HDL and lipid-laden macrophages that leads to cholesteryl ester clearance, we explored the feasibility of using a transformed mouse macrophage cell line, J774. 17 This cell line has been used as a foam cell model in a number of laboratories including our own, 10 ' 18 - 21 and previous studies have shown that J774 cells accumulate large stores of esterified cholesterol when exposed to complexes of acetylated LDL (acLDL) and free cholesterol-rich phospholipid dispersions. 18 The present study shows that cholesteryl ester stores in J774 cells are depleted in the presence of an acyl-CoA: cholesterol acyltransferase (ACAT) inhibitor, Sandoz 58-035, or cholesterol-free complexes of the apolipoproteins of HDL (apoHDL) and phospholipid. However, in marked contrast to primary mouse macrophages, incubation of J774 cells with HDL did not cause clearance of cellular cholesteryl ester.
Methods

Materials
Male B6C3F1 mice were purchased from Taconic, Germantown, NY; 7-3 H-cholesterol, 12 Ci/mmole, from ICN Radiochemicals, Irvine, CA, and 11.4 Ci/mmole, from New England Nuclear, Wilmington, DE; 4-14 C-cholesterol, 50 mCi/mmole, from Research Products International, Mt. Prospect, IL; 1,2-3 H-cholesterol, 45.6 Ci/mmole, from Amersham, Arlington Heights, IL; and oleate-1-14 C-cholesteryl oleate, 56.6 mCi/mmole, from New England Nuclear. These were repurified before use as previously described. 18 Cholesterol, egg phosphatidylcholine, A^ethylmaleimide, oleic acid, and bovine serum albumin (BSA) (fatty acid-free from fraction V) were purchased from Sigma, St. Louis, MO. Compound 58-035 was a gift of John Heider of Sandoz, East Hanover, NJ. Coprostanol standard was purchased from Steraloids, Wilton, NH. Culture media, gentamicin, calf serum, and heatinactivated fetal bovine serum (FBS) were purchased from GIBCO, Grand Island, NY. Tissue culture plasticware was purchased from Falcon. Agarose gels (1%) for electrophoresis were purchased from Bio-Rad, Rockville Centre, NY. ScintiVerse I, heparln, ITLC-SA plates, thiogiycoiiate broth, and all other reagents and chemicals were purchased from Fisher, King of Prussia, PA.
Cells
All media were buffered with 24 mM bicarbonate, and they contained gentamicin (50 /^g/ml). Cells were maintained at 37°C in a humidified 95% air/5% CO 2 atmosphere. Stock cultures of J774A.1 and P388.D1 cells (American Type Culture Collection, Rockville, MD) were maintained in T-75 flasks in RPMI-1640 supplemented with 10% heat-inactivated FBS, and the medium was changed twice a week. For the experiments, floating cells were collected from stock cultures by low-speed centrifugation (1000 rpm for 10 minutes) and were plated in 6-well (35 mm) plates at a density of 3.5x10* cells per ml (J774) or 1x10* cells per ml (P388.D1) using 2 ml of medium per well. Cultures were used for experiments 2 days after plating. Before lipid loading, the J774 cells contained 15±2 ^ig of free cholesterol/mg cell protein and 2±1 /ig of esterified cholesterol/mg cell protein, respectively.
Thioglycollate-elicited peritoneal macrophages were isolated from B6C3F1 mice. Four days before collection, sterile thiogiycoiiate broth (10% [wt/vol]) was injected intraperitoneally (0.5 ml/mouse) to elicit macrophage proliferation and infiltration into the peritoneal cavity. After cervical dislocation, peritoneal lavage was performed with 5 ml/mouse of sterile phosphate-buffered saline (PBS) 22 containing heparin (2 units/ml). The lavage fluid from 10 to 20 mice was pooled, and cells were collected by low-speed centrifugation. Cells were suspended in RPMI-1640 supplemented with 10% heat-inactivated FBS and were dispensed into 6-well plates at a density of 1.5x10" cells/ml, 2 ml/well. Two hours after plating, the dishes were rinsed three to six times with serum-free medium, and the adherent cells were used for experiments. The free cholesterol and esterified cholesterol contents of mouse peritoneal macrophages used in these studies before lipid loading were 39±2 and 0±1 g/mg cell protein, respectively.
Fu5AH rat hepatoma cells were grown as previously described. 23 After detachment of cells from monolayers with trypsin, 23 cells were suspended in minimal essential medium (MEM) supplemented with 5% calf serum and were dispensed into 6-well plates at a density of 2.5x10° cells/ml, 2 ml/well. Cells were used for experiments 2 days after plating. The free cholesterol and esterified cholesterol contents of Fu5AH hepatoma cells before lipid loading were 20±3 and 13±4 ^g/rng cell protein, respectively.
LJpoprotelns and LJp/d Dispersions
LJpoproteins were isolated by sequential ultracentrifugation 24 from plasma obtained with informed consent from healthy human volunteers or from outdated plasma from the Red Cross. A^ethylmalelmide was routinely added to the plasma from the volunteers immediately after collection at a final concentration of 5 mM to inhibit lecithin: cholesterol acyttransferase (LCAT) activity. 26 LDL was isolated between d=1.006 and d=1.067 g/ml, and acLDL was prepared according to the method of FrankelConrat. 26 All acLDL was examined for its increased electrophoretic mobility in 1% agarose gels. 27 The total high density lipoprotein fraction (HDL,) was isolated between d=1.067 and d=1.21 g/ml, and HDL 3 was isolated between d=1.125 and d=1.21 g/ml. HDL was chromatographed on heparin-Sepharose to remove any lipoproteins containing apo E according to the method of Bamberger et al. 28 Apolipoprotein HDL (apoHDL)/phosphatidylcholine acceptor particles were prepared as previously described. 29 Sonicated free cholesterol-rich phosphatidylcholine (molar ratio >2) dispersions containing 3 H-or 137 storage or use. Cholesterol loading media were preincubated overnight at 37°C before addition to cells.
Cell Incubations
J774 cells, peritoneal macrophages, and P388.D1 cells containing liquid-crystalline (anisotropic) esterified cholesterol droplets were obtained by exposing cells for 24 hours (peritoneal macrophages) or 48 hours (J774 and P388.D1 cells) to RPMI-1640 supplemented with BSA (10 mg/ml) and either acLDL (50 jig protein/ml) plus radiolabeled dispersions (225 M9 dispersion cholesterol/ ml) or 3 H-free cholesterol-labeled acLDL (50 ^g protein/ ml). J774 cells with liquid (isotropic) inclusions were obtained by adding oleic acid (200 ptg/ml) to the medium described above. Fu5AH cells were loaded with anisotropic inclusions after a 48-hour incubation with MEM containing FBS (5%), calf serum (5%), and radiolabeled dispersions (250 /xg dispersion cholesterol/ml) as previously described. 23 Monolayers were rinsed three times with serum-free medium between each change of experimental medium. After cholesterol loading, monolayers were incubated overnight in RPMI-1640 supplemented with 2.5 mg/ml delipidized caif serum 30 (for J774 and P388.D1 cells), RPMI-1640 supplemented with 1 mg/ml BSA (for peritoneal macrophages), or MEM supplemented with 1 mg/ml BSA (for Fu5AH hepatoma cells). The cells were then incubated for up to 24 hours with the following clearance media: RPMI-1640 (for J774, P388.D1, and macrophages) or MEM (for Fu5AH), each with 0.1% BSA and 0.5% DMSO, the same media containing either HDL,, or HDL 3 at 400 /xg/ml HDL protein, Sandoz compound 58-035 at 1 /ig/ml, a combination of HDL and 58-035 at the same concentrations, or apoHDL/phosphatidylcholine acceptors at 1 mg/ml phosphatidylcholine.
Analytic Methods
Lipids were extracted from lipoproteins, media, and solutions by using the method of Bligh and Dyer 31 and from cell monolayers as described below. Free and total cholesterol contents were determined by gas-liquid chromatography using coprostanol as an internal standard, 32 and esterified cholesterol contents were calculated by difference. Phospholipid phosphorus was determined by the method of Sokoloff and Rothblat. 33 Protein concentrations were determined by the procedure of Markwell et al. 34 with BSA as a standard. The distribution of radiolabel among free cholesterol and esterified cholesterol was determined by thin-layer chromatography on ITLC-SA plates developed in petroleum ether/ethyl ether/acetic acid (85 : 15:1, vol/vol/vol). 3 H and U C were measured by liquid scintillation counting in a Beckman LS7500 or Beckman LS 1801 with ScintJVerse. The physical state of cellular lipids was assessed by observation under polarizing light microscopy. 35 For statistical analyses of the data, significance was determined by Student's /test. 36 Replicate dishes for each treatment were analyzed by two different methods: an isopropanol extraction of cell monolayer lipids as modified from the method of McCloskey et al., 18 and a detergent solubilization method. Before proceeding with the isopropanol extraction procedure, an aliquot of clearance medium was removed from each dish and was centrifuged to pellet any cells; samples were taken for thin-layer chromatography to confirm that only free cholesterol appeared in the medium in all treatment groups. The remaining medium was aspirated, and the cell monolayer was then rinsed three times with PBS. Lipids were extracted by an overnight incubation with 2 ml of isopropanol at room temperature. Coprostanol was then added to the isopropanol extract to serve as an internal standard for mass determination. Aliquots of this extract were used to determine the total cellassociated radioactivity, the distribution of radiolabel between free and esterified cholesterol, and the masses of total and free cholesterol. To determine the protein contents, fixed monolayers remaining after lipid extraction were solubilized by incubation of each monolayer for 1 hour at room temperature with 1 ml of Markwell's Reagent A. 34 To avoid the problem of loss of cellular material, which might occur during washing of the monolayer for isopropanol extraction, the following procedure was used on parallel sets of plates: 300 y\ of medium was removed from each well, was centrifuged to pellet any cells, and was counted to determine the radiolabel in the medium; 100 ni of 10% sodium dodecyl suifate (SDS) was added to the remaining medium in each well, and the plate was then agitated for 1 hour at room temperature to produce a slurry resulting from detergent solubilization of the cells into the medium. The monolayer and medium in each well were thus harvested as a unit An appropriate amount of an internal standard of H-cholesteryl linoteate of a known ratio was added during lipid extraction of the slurry to monitor recovery of radiolabeted free and esterified cholesterol. Aliquots of the lipid extract were used to determine total radioactivity in the slurry and the distribution of label between free and esterified cholesterol as described above. These data were then used to calculate the distribution of radiolabel between cells and medium and between free and esterified cholesterol for each well. Use of both the isopropanol extraction of monolayers and detergent solubilization of monolayer plus medium is particularly important when studying rapidly growing, transformed cells, because an increase in cell protein will result in an apparent decrease in cellular esterified cholesterol content when the data are normalized per milligram of cell protein (Table 1) .
Results
The ability of J774 macrophages to clear esterified cholesterol was assessed by using cultures that had been induced to accumulate esterified cholesterol in intracellular droplets by exposure to acLDL and sonicated cholesterol-rich phosphatidylcholine dispersions. The cultures were then incubated with a variety of media for 12 and 24 hours before analysis of cholesterol content and distribution by both mass and isotope. The data in Table 1 were pooled from 15 independent experiments and show that there was no significant change in the J774 cells were loaded with esterifled cholesterol by incubation with acetyiated LDL plus sonicated cholesterol-rich phospholipid dispersions as described In the Methods section. After an overnight Incubation with medium containing 2.5 mg/ml delipldized serum protein, the monolayers were washed and further incubated with medium containing 0.1% BSA for 12 or 24 hours. Protein and cholesterol contents were determined as described in the text. These data are pooled from 15 independent experiments and are the controls for the data presented in Table 2 .
Data are means±SD. FC=free cholesterol, EC=esterified cholesterol, TC=total cholesterol, med FC=medium free cholesterol, BSA=bovine serum albumin. Estertfled cholesterol-loaded J774 cells were incubated for 12 or 24 hours with various media as Indicated and were analyzed as described in the text. Data are from the same set of 15 experiments as the data presented In Table 1 . To facilitate comparison, all data except those describing medium radioactivity have been normalized as a percent of the BSA control data shown in Table 1 .
tThe medium radioactivity data are presented as a percent of the total radioactivity in the dish. BSA=bovine serum albumin, HDL=hlgh density llpoprotein, apoHDL/PC=the apoprotelns of HDL complexed with phosphatldylcholine, FC=free cholesterol, EC=esterified cholesterol, TC=total cholesterol, med FC=medium free cholesterol. cellular distribution of radiolabeled free and esterified cholesterol and no efflux of free cholesterol into the medium when loaded cells were incubated In the presence of the control medium, which contained only 0.1% BSA. Although there was no change in cholesterol content per culture dish, there was an apparent decrease of free, esterrfied, and total cholesterol contents when these values were expressed per milligram of cell protein, because the J774 cells continued to grow (and to increase the protein content of the cultures) during the clearance phase. For this reason, all data have been normalized as a percent of the data for cells treated with BSA alone.
The data in Table 2 demonstrate changes in free and esterified cholesterol contents observed after incubation of the cells in the same set of 15 experiments described in Table 1 with a variety of clearance media. These data show that inhibition of ACAT with Sandoz 58-035 resulted in hydrolysis of esterified cholesterol (21% at 12 hours and 35% at 24 hours) with a concomitant increase in cellular free cholesterol. When J774 cells were incubated with either HDI., or HDL 3 , there was no decrease in the mass of cellular esterified cholesterol, but there was a considerable decrease in radiolabeled cellular free cholesterol and a concomitant increase of radiolabeled free cholesterol in the medium indicating an exchange of free cholesterol between the cells and the lipoproteins. We have examined a variety of other parameters to address the reason for the observed lack of clearance of esterified cholesterol from J774 cells in response to HDL These have included: 1) varying the source of plasma used for HDL isolation (outdated Red Cross versus freshly collect- 
1±1
Data are means±SD of data pooled from two experiments. Clearance data are given as the percerrts of BSA controls except for those describing medium radioactivity. The medium radioactivity data are presented as percents of the total radioactivity in each dish.
Statistical comparisons are: *signlflcantty different from BSA (p<0.05), tsignrficantly different from HDL 3 -50 (p<0.05), and significantly different from HDL3-25O. J774 cells with esterifled cholesterol were incubated for 12 hours under the Indicated conditions and then were analyzed as described In the text. HDU doses (in fug HDL protein/ml) were 10, 50, 250, and 400 for HDL r 10, HDL3-5O, HDL3-25O, and HDL 3 -400, respectively.
See the footnote to Table 2 for explanation of abbreviations.
ed), 2) comparison of HDL isolated simply by ultracentrifugation to HDL further subjected to heparin-Sepharose chromatography to eliminate particles containing apo E, and 3) systematic variation of the free cholesterol/ phospholipid ratio by controlled LCAT modification. In no case did any of these treatments yield an HDL preparation that stimulated esierified cholesterol clearance from J774 cells (data not presented).
The lack of clearance of esterified cholesterol in the presence of HDL was not due to an inability of these cells to clear esterified cholesterol to an extracellular acceptor. As shown in Table 2 , when J774 cells were exposed to apoHDL/phosphatidylcholine acceptors, clearance of both free and esterified cholesterol was observed as measured by both mass and isotope. With the combination of HDL plus 58-035, the decrease in cellular esterified cholesterol as determined both by mass and isotope was similar to that obtained for 58-035 alone, indicating that the presence of HDL did not influence the activity of the neutral cholesteryl ester hydrolase. Although similar amounts of free cholesterol were generated in the presence of 58-035 with or without HDL, the presence of HDL decreased the build-up of cellular free cholesterol. The appearance of radiolabeled free cholesterol in the medium was significantly higher with the combination of 58-035 plus HDL than wtth HDL alone at 24 hours. Thus, HDL can promote net clearance of cholesterol only in the presence of a large excess of cellular free cholesterol. In addition, comparing the data at 12 and 24 hours, it is evident that the intracellular pool of free cholesterol remains relatively isolated. At 12 hours, there was very littJe decrease in total cholesterol and less efflux into the medium, and cellular free cholesterol was also substantially elevated. By 24 hours, there was a significant reduction in cellular cholesterol and a greater increase in medium free cholesterol, although the cellular contents of free cholesterol continued to be higher than control.
To determine the effect of HDL concentration in the medium on the esterified cholesterol content of J774 cells, two studies were performed. First, J774 cells were incubated wtth clearance media containing HDL3 at concentrations between 10 and 400 fig HDL protein/ml. As shown in Table 3 , no esterified cholesterol clearance was observed at any HDL dose. There were no significant differences in cholesterol and esterified cholesterol mass among cells incubated with different HDL doses. Cholesterol exchange between cells and HDL, as demonstrated by the increased radiolabel in the medium without a change in cell cholesterol mass, was positively correlated with HDL dose. In the second series of experiments, J774 cells were incubated wtth HDL concentrations between 400 figjm\ and 1000 iiglm\, and results essentially identical to those outlined above were obtained (data not shown). We conclude that HDL at concentrations from 10 to 1000 ^g protein/ml did not clear esterified cholesterol from J774 cells.
In all of the studies described above, we used a combination of acLDL and free cholesterol-rich dispersions to load the cells with esterified cholesterol. Our previous studies on J774 cells had indicated that this combination resulted in more extensive deposition of esterified cholesterol than was obtained with acLDL alone and produced lipid droplets having an ordered (anisotropic) physical state. 18 To determine if this loading procedure influenced esterified cholesterol clearance, two additional studies were conducted. First, cells were loaded by exposure to medium containing acLDL alone. In a second series of experiments, lipid droplets with a disordered (isotropic) physical state were produced by adding fatty acid to the loading medium. Neither the method of esterified cholesterol loading nor the physical (4) Clearance data 12 hours
HDLj (3)
58035 (3) HDLj+58035 (3) 24 hours HDL3 (3) 58035 (3) HDLj+58035 ( See the footnote to Table 2 for explanation of abbreviations.
state of the stored estertfied cholesterol had an effect on the inability of HDL to promote esterified cholesterol clearance from the J774 cells (data not shown).
Because the effect of HDL on the clearance of esterified cholesterol had been studied previously in other cell types, 1537 we fett that a direct comparison of other cell types to J774 cells was necessary. Examination of another mouse macrophage cell line, P388.D1, produced data that are identical to those for the J774 cell line and are thus not presented here in detail (see Figure 1 and below). Confirming the previous report of Yau-Young et al., 16 the data in Table 4 show that HDL did not promote (8) Clearance data 12 hours HDL (7) 58035 (7) HDL+58035 ( Cholesteryl ester-loaded mouse peritoneal macrophages were incubated for 24 hours under the conditions indicated and were analyzed as described in the text.
See the footnote to Table 2 for an explanation of abbreviations.
esterified cholesterol clearance from Fu5AH rat hepatoma cells. As has been previously reported, the exposure of Fu5AH cells to HDL not only failed to elicit clearance of esterified cholesterol but also resulted in a net accumulation of esterified cholesterol. Incubation of Fu5AH hepatoma cells with HDL together with 58-035 resulted in: 1) similar hydrolysis to that observed with 58-035 alone, 2) increased efflux of labeled free cholesterol over that obtained with HDL alone, and 3) no change in total cholesterol mass, demonstrating that ACAT inhibition blocked the cholesterol loading that occurred in the presence of HDL alone. These data indicate that, as was the case with the J774 cells, the free cholesterol that accumulates on inhibition of ACAT is not efficiently removed by HDL
The mouse peritoneal macrophage represents another cell type that has been extensively investigated for its ability to clear esterified cholesterol. 37 As shown in Table 5 , incubation of these cells for 24 hours with HDL resulted in net esterified cholesterol clearance as demonstrated by decreased cellular esterified cholesterol as determined by both mass and isotope. When the primary macrophages were Incubated with 58-035, there was greater esterified cholesterol hydrolysis than with HDL, demonstrating that exposure to HDL alone did not lead to complete downregulation of ACAT in these cells. In contrast to the other cell systems, there was no increase in cellular free cholesterol mass obtained with HDL plus 58-035, confirming the capacity of HDL to efficiently clear cholesterol from primary mouse peritoneal macrophages.
37 Figure 1 shows a comparison of the effects of HDL, 58035, and HDL+58035 on esterified cholesterol mass among the cells used in these studies. In all cells, 58035 or HDL+58035 resulted in esterified cholesterol hydrolysis. The effect of HDL on cell esterified cholesterol mass was dependent on the cell examined. Incubation of mouse peritoneal macrophages with HDL resulted in the clearance of esterified cholesterol. In contrast, the esterified cholesterol content of Fu5AH rat hepatoma cells was increased following exposure to HDL, while HDL had no effect on the esterified cholesterol content of either J774 or P388.D1 macrophages. J774 cells, P388.D1 cells, Fu5AH rat hepatoma cells, and mouse peritoneal macrophages exhibited differences in their ability to accumulate stores of cellular esterified cholesterol (data not shown). However, the effect of HDL on esterified cholesterol content in these cells was found to be independent of cellular esterified cholesterol load since: 1) there was net accumulation of esterified cholesterol in Fu5AH hepatoma cells with initial cell esterified cholesterol mass, ranging from 42 to 100 /tg/mg protein (data not shown); 2) there was esterified cholesterol clearance from mouse peritoneal macrophages with initial esterified cholesterol contents ranging from 28 to 172 ^g/mg protein (data not shown); 3) HDL had no effect on esterified cholesterol content of J774 cells and P388.D1 cells loaded to various extents (25 to 125 yjQ esterified cholesterol/mg cell protein for J774 cells and 22 to 113 iig/mg protein for P388.D1 cells, data not shown). These data indicate that, depending on the cell studied, HDL can cause: 1) esterified cholesterol clearance (mouse peritoneal macrophages), 2) esterified cholesterol deposition (Fu5AH rat hepatoma cell), and 3) no change in cell esterified cholesterol mass (J774 and P388.D1 macrophages).
Discussion
The data presented in this paper demonstrate that there are fundamental differences in the responses of esterified cholesterol-loaded cells to HDL as represented by the three cell types studied in this investigation. In the case of J774 cells, there was exchange of cholesterol between cells and HDL with no net change in cellular cholesterol content. In contrast, mouse peritoneal macrophages demonstrated net loss of cellular cholesterol to HDL, whereas HDL stimulated a net accumulation of cholesterol in Fu5AH hepatoma cells. In spite of these differences in clearance, many aspects of cholesterol metabolism were similar among these cell types. All had the ability to accumulate significant intracellular stores of cholesteryl esters and had very active cholesteryl ester cycles that turned over the esterified cholesterol pool at a rate of 1 % to 2% per hour, as demonstrated by continued hydrolysis of esterified cholesterol when cholesterol esterification was blocked by the ACAT inhibitor, Sandoz 58-035. As we have previously demonstrated for Fu5AH cells, 23 J774 cells were able to deplete cellular stores of esterified cholesterol as a consequence of efflux of free cholesterol from the cell to cholesterol-free apoHDL/ phosphatidylcholine acceptor particles. Yet, when exposed to HDL under identical conditions, J774 cells showed no change in cellular esterified cholesterol content (Tables 1 and 2 ) and Fu5AH cells showed a significant increase in cellular esterified cholesterol content (Table 4) , while mouse peritoneal macrophages readily cleared esterified cholesterol ( Table 5 ). The failure of HDL to stimulate the depletion of esterified cholesterol in J774 cells was not a reflection of the method of loading the cells with esterified cholesterol (data not shown), of the concentration of HDL used (Table 3) , nor of the treatment of HDL before its use (data not presented). In addition, the HDL3 subclass of HDL was no more efficient than total human HDL ( Table 2 ).
A plausible model to explain the differences in esterified cholesterol clearance among the various cell types is a simple physicochemical model. With this model, cellular free cholesterol would flow down a concentration gradient from the intracellular site of esterified cholesterol hydrolysis to the plasma membrane. The rate limiting step in esterified cholesterol clearance might well be the efflux of free cholesterol from the plasma membrane to HDL If this efflux of free cholesterol were slow, free cholesterol might build up, as was observed for both J774 cells and Fu5AH cells. As shown by the toss of radiolabeled free cholesterol to the medium without a change in cellular free cholesterol mass, free cholesterol can exchange readily between HDL and any of the cell types, but the differences in the esterified cholesterol clearance cannot be explained solely on kinetic considerations. The half-times for cholesterol efflux from J774 cells and mouse peritoneal macrophages exposed to HDL (100 jig/ml HDL protein) are 21 hours and 19 hours, respectively, (Catherine Benedict, unpublished data) while the half-time for efflux from Fu5AH hepatoma cells under similar conditions is 2 hours. 38 We have attributed the loss of free cholesterol radiolabel but no loss in cellular cholesterol mass that is observed in J774 macrophages or Fu5AH rat hepatoma cells incubated with HDL to cholesterol exchange between the cells and lipoprotein. Another possible source of cholesterol to balance efflux might be the uptake of HDL esterified cholesterol. Although we have not specifically addressed esterified cholesterol uptake in our present studies, previous work by Bamberger et al. 39 has shown that very little esterified cholesterol is taken up by Fu5AH cells from HDL. Thus, the contribution of uptake of HDL esterified cholesterol to the total movement of cholesterol is relatively small, at least for Fu5AH hepatoma cells.
It appears that intracellular events and the cycling of esterified cholesterol in J774 and Fu5AH cells are uncoupled from the events at the plasma membrane. As shown for both J774 (Table 2) and Fu5AH (Table 4 ) cells, where efflux of free cholesterol was evidenced by a significant movement of radiolabeled free cholesterol to the HDL, the radiolabel in the esterified cholesterol did not decrease (Table 5) . Thus, it appears that the cholesterol participating in the cholesteryl ester cycle in these cell lines remained relatively isolated during exposure to HDL However, as shown in Table 2 , this isolation can be overcome and net efflux achieved when a sufficient concentration gradient is established using the cholesterol-free apoHDL/phosphatidytcholine particles.
The isolation of the cholesteryl ester pool might be attributed to a number of factors influencing: 1) the hydrolysis of esterified cholesterol, 2) re-esterification of free cholesterol by ACAT, or 3) transport of free cholesterol from the site of hydrolysis to the plasma membrane. Our data show, however, that the failure to clear esterified cholesterol in response to HDL is not related to deficiencies in cholesteryl ester hydrolase, since treatment with 58-035 reveals significant hydrolysis and build-up of free cholesterol. Although previous studies from this laboratory have demonstrated that the physical state of esterified cholesterol in Fu5AH cells influences the rate of esterified cholesterol hydrolysis, 29 manipulation of the physical state of the esterified cholesterol in J774 cells had no influence on the inability of HDL to elicit esterified cholesterol clearance from these cells (data not presented). Tabas et al. 40 have reported that J774 cells have greater ACAT activity than mouse peritoneal macrophages and also that ACAT activity in J774 cells is poorly regulated. 41 While these differences might contribute to isolation of the cholesteryl ester pool in the unperturbed state, HDL does not elicit an efficient mass clearance of free cholesterol even when ACAT activity is inhibited by Sandoz 58-035 (Table 2) . Thus, failure to clear esterified cholesterol from J774 cells by HDL cannot be attributed solely to these differences in ACAT. With regard to the question of differences in intracellular transport, the clearance of esterified cholesterol In response to apoHDL/ phosphatidylcholine acceptors suggests that mechanisms for efficient intracellular trafficking of cholesterol to the plasma membrane can be expressed in J774 cells.
Other possibilities, which may well be related to one another, have not been explicitly addressed in these studies. One of these is the question of the influence of secretion of apo E to mass efflux of cholesterol. Although a dissociation of cholesterol efflux and apo E secretion has been demonstrated in mouse peritoneal macrophages, 42 we cannot rule out the possibility that apo E plays a role in mediating the intracellular trafficking of cholesterol and that the inability of J774 or P388.D1 cells to synthesize apo E 4344 is an explanation for their failure to clear esterified cholesterol in response to HDL The same argument might also be applied to Fu5AH cells, although there is some controversy regarding the ability of these cells to secrete apo E.
4446
A second question is that of the nature of the interaction between cells and HDL. Work by Randolph and Hoff 13 showed that trypsin treatment of mouse peritoneal macrophages inhibited esterified cholesterol clearance and free cholesterol efflux, suggesting the participation of a membrane protein in these events. Specific binding of HDL has been demonstrated in a number of cell types, 38 ' 46 including Fu5AH and J774; recently, Aviram et al. 47 have suggested that the binding of HDL to cells results in the translocation of intracellular cholesterol to the plasma membrane. The inability of HDL to induce clearance of esterified cholesterol in J774, P388.D1, and Fu5AH cells may relate to a defect in response to the presence of HDL that is normally involved in transport of cholesterol from an intracellular site of esterrfied cholesterol hydrolysis to the plasma membrane. An alternate, but related, model would be that the binding of HDL provokes a shift in the composition or organization of the plasma membrane so that it can become sufficiently enriched in free cholesterol to establish a concentration gradient that could result in net efflux from the cell. Because a common feature among these cell lines is their transformed phenotype, one might speculate that the underlying defect, which could relate to either of these models, is a change in the organization of the plasma membrane associated with transformation.
